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ARTICLE INFO ABSTRACT

Keywords: Although glucose, through pentose phosphate pathway (PPP), is the main source to generate NADPH, solid
NADPH tumors are often deprived of glucose, hence alternative metabolic pathways to maintain NADPH homeostasis in
Lacme_ cancer cells are required. Here, we report that lactate and glutamine support NADPH production via isocitrate
E)h;ltfmme dehydrogenase 1 (IDH1) and malic enzyme 1 (ME1), respectively, under glucose-deprived conditions. Isotopic
MEL tracing demonstrates that lactate participates in the formation of isocitrate. Malate derived from glutamine in

mitochondria shuttles to cytosol to produce NADPH. In cells cultured in the absence of glucose, knockout of IDH1
and ME1 decreases NADPH/NADP" and GSH/GSSG, increases ROS level and facilitates cell necrosis. In 4T1
murine breast tumors, knockout of ME1 retards tumor growth in vivo, with combined ME1/IDH1 knockout more
strongly suppressing tumor growth. Our findings reveal two alternative NADPH-producing pathways that cancer
cells use to resist glucose starvation, reflecting the metabolic plasticity and flexibility of cancer cells adapting to

Glucose deprivation

nutrition stress.

1. Introduction

Malignant tumors display reprogrammed metabolic phenotypes,
which are dictated by both intrinsic and extrinsic factors [1]. While cell
lineage and genetic alteration confer tumors with inherent metabolic
characteristics [2], a variety of metabolic pathways are imposed by
tumor microenvironment (TME) [1,3]. Due to the poor vascularization
of solid tumors and rapid nutrient consumption by tumor cells, oxygen
and nutrients such as glucose in TME are often limited [4,5]. Cancer cells
develop metabolic adaptation to TME, exhibiting metabolic flexibility
(alternative material and energy sources) and metabolic plasticity
(rewired metabolic pathways) [6].

The deprivation of glucose in TME raises the question how cancer
cells in solid tumors maintain NADPH/NADP" homeostasis, because
glucose is the main hydride ion source to reduce NADP' through
oxidative branch of pentose phosphate pathway (oxPPP) [7,8]. Cellular
NADPH is essential for maintaining redox balance [9] and sustaining

reductive biosynthesis [10], which are indispensable for tumor growth.
Therefore, other NADPH-generation pathways must take over. Apart
from oxPPP, other cytosolic generation pathways of NADPH include
reactions catalyzed by isocitrate dehydrogenase 1 (IDH1), malic enzyme
1 (ME1), methylene tetrahydrofolate dehydrogenase 1 (MTHFD1) and
10-formyltetrahydrofolate dehydrogenase (ALDH1L1) [11]. It is re-
ported that wild-type IDH1 promotes growth, migration and resistance
to targeted therapies by regulating lipid biosynthesis and redox balance
in glioblastoma [12-14]. ME1 is reported to regulate NADPH homeo-
stasis to promote cancer growth and metastasis in gastric cancer [15]
and nasopharyngeal carcinoma [16]. ME1 is found to be co-expressed
with IDH1 and G6PD in diverse cancer cell lines [17], and ME1 can
collaborate with mitochondrial IDH2 to maintain antioxidant systems to
support tumor growth and metastasis [18]. Folate-dependent NADPH
production by MTHFD and ALDHIL also contributes a large proportion
to total NADPH pool in proliferating cells [10]. Nevertheless, these
studies were not performed under glucose deprivation and it is not clear
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which of the above pathways are crucial for maintaining adequate
NADPH levels in cancer cells when glucose is deprived.

Another prominent feature in TME is lactic acidosis (high lactate
concentration with acidic pH), which is caused by Warburg effect and
poor tumor vascularization [19]. Researchers begin to appreciate that
lactate is not just a waste product, but also a universal fuel [20] or a
signaling molecule [21,22]. Lactate is reported to contribute to the TCA
cycle in lung cancer [23] and be a primary circulating TCA substrate in
tumors [24]. Uptake of lactate through MCT1 in vivo supports the oxPPP
and decreases ROS level, leading to an efficient metastasis [25]. We
previously reported that lactic acidosis, but not lactosis nor acidosis,
confers cancer cells with resistance to glucose-deprivation induced
death via inhibiting apoptosis and activating autophagy [26]. Under
lactic acidosis, cancer cells also maintain an adequate NADPH level to
support cancer cell survival after glucose was exhausted, yet the un-
derlying mechanism was unknown [26].

In this study, we sought to investigate how cancer cells maintain
adequate NADPH level under glucose deprivation with or without lactic
acidosis. Using Crispr/Cas9 knockout technology and isotopic tracing,
we reveal that under glucose deprivation, lactate is used to synthesize
isocitrate, which donates hydride ion to NADP" to produce NADPH by
the catalysis of IDH1. On the other hand, glutamine is metabolized to
malate in mitochondria, which shuttles to cytosol to generate NADPH by
ME1 when glucose and lactate are both depleted. Knockout of IDH1 and
ME1 decreases NADPH production, exacerbates oxidative stress, en-
hances cell necrosis, and retards tumor growth.

2. Materials and methods
2.1. Cell lines and cell culture

Mouse breast cancer cell 4T1 (female), human cervical cancer cell
HeLa (female) and human large cell lung cancer cell NCI-H460 (male)
were purchased from The Cell Bank of Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). Cell lines were all
authenticated by DNA fingerprinting (SNP for 4T1, and STR for HeLa
and NCI-H460), and tested for Mycoplasma-free. For regular culture,
cells were all maintained in RPMI-1640 medium supplemented with
10% fetal bovine serum (Sijiqing, cat. no. 11011-8611), 100 pg/ml
penicillin/streptomycin in a humidified incubator at 37 °C in a 5% CO»
atmosphere.

2.2. Specific culture conditions

For nutrition deprivation cultures, cells were washed with PBS
(supplemented with 0.4 mM Ca®" and Mg?") three times and changed
with glucose-free RPMI 1640 medium (Gibco, cat. no. 11879020) with
10% ultra-filtrated FBS (glucose deprivation), or with glucose &
glutamine-free RPMI 1640 medium (Caisson Labs, cat. no. RPL10) with
10% ultra-filtrated FBS (glucose and glutamine deprivation). Lactic
acidosis condition was created by adding lactic acid into glucose-free
RPMI 1640 medium with 10% ultra-filtrated FBS to the final concen-
tration of 20 mM lactate (for 4T1 and HeLa, pH 6.7). In experiments
using H460 cells, a final concentration of 10 mM NaOH was also added
to achieve an optimized lactic acidosis condition (pH 7.1) for H460. For
hypoxia culture, except that the cells were incubated in a tri-gas incu-
bator with 1% oxygen concentration, other conditions were the same as
that under normoxia culture. Except survival curves and cell death test
experiments, the incubation times under above conditions are deter-
mined to ensure the cells were all alive, e.g., as the IDH1 and ME1
knockout 4T1 cells under glucose deprivation started to die after 7 h, the
incubation time is within 7 h under this condition.

2.3. Establishment of knockout cells

The knockout cells were established by Crispr-Cas9 system and
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conducted according to Feng Zhang’s protocol [27]. The sequences of
designed sgRNA were listed in Supplementary Table 1. We used pSpCas9
(BB)-2A-Puro (PX459) V2.0 plasmid (Addgene, cat. no. 62988) as
sgRNA expression vector, and the constructed plasmids were transiently
transfected into cells using Lipofectamine 3000 (Invitrogen, cat. no.
L3000015). The plasmid without insert was also transfected as a
knockout control. After selection with 4.5 (for 4T1) or 2 (HeLa and
H460) pg/ml puromycin for 48-72 h, cells were allowed to grow to
confluence before plating in 96 wells for monoclonal selection. Using
limited dilution, we obtained monoclonal cell lines. The microdeletion
was confirmed by targeted genomic sequencing. Double knockouts of
IDH1 and ME1 were generated from knocking out ME1l in IDH1
knockout cells. The gene knockouts were further confirmed by western
blots and enzyme activity determinations.

2.4. Metabolite extraction

Cellular metabolites were extracted using Yuan et al.’s protocol [28]
with some modifications. Briefly, after incubation, cultured cells were
quickly washed with ice-cold PBS (supplemented with 0.4 mM Ca®* and
Mg2+) twice to remove residual medium. 80% methanol (precooled in
—80 °C) was added to the plate wells or dishes (0.6 ml for a well of 6-well
plate and 1.5 ml for a 6 cm dish), then the plates or dishes were placed at
—80 °C for 20 min. The cells were scraped and the mixture was vortexed
for 1 min. The debris was removed by centrifuging at 25,000xg for 5 min
at 4 °C, and the supernatant was lyophilized by a freeze dryer. For tumor
tissues, 0.6 ml 80% methanol (precooled in —80 °C) was added to tissue
piece (~20 mg) and the tissue was grinded for 1-2 min with tissue
grinder on dry ice. The tissue sample was vortexed for 1 min and placed
at —80 °C for 4 h. The mixture was then centrifuged at 25,000xg for 5
min at 4 °C. The supernatant was collected and the precipitate was
extracted again using the same procedure. The supernatants from both
extractions were combined, and lyophilized by a freeze dryer. The dried
samples were stored at —80 °C before determination (including deter-
mining NADPH/NADP', NAD"/NADH, isotopic labeling, metabolites
concentrations and GSH/GSSG).

2.5. NADPH/NADP" and NAD'/NADH determination

NADP and NAD determination were measured according to previous
methods [29] with some modifications. During extraction, the centri-
fuged supernatant was equally divided into two tubes before freeze
drying. One tube of the lyophilized sample was dissolved in 0.01 M
NaOH (80 pl for 2.5 x 10° 4T1 cells) to determine the NADPH and
NADH concentration, and the other tube was dissolved in equal volume
of 0.01 M HCl to determine NADP' and NAD™. The tubes were incu-
bated at 60 °C for 15 min and then cooled on ice before determination.
For NADPH and NADP™, the assay buffer was 100 mM Tris-HCI (pH 8.1,
with 5 mM EDTA) containing 2 mM G6P (Sigma, cat. no. V900924), 1
U/ml G6PDH (Sigma, cat. no. G7877), 10 ul MTS/PES (Promega, cat. no.
G3581). For NADH and NAD™, the assay buffer was 100 mM Tris-HCl
(pH 8.1, with 5 mM EDTA) containing 5% (v/v) ethanol, 30 U/ml
ADH (Sigma, cat. no. A7011), 10 pl MTS/PES. 10 pl sample was added to
a well of 96-well plate, and 190 pl assay buffer was added per well. The
plate was incubated at 37 °C for 30 min, then the absorbances were read
at 490 nm by a microplate reader. Standard curves of a gradient con-
centrations of NADP and NAD were simultaneously determined, and the
concentrations of the samples were calculated according to the standard
curves.

2.6. Isotopic tracing

Lactate labeling: cells were cultured in glucose-free medium with
10% ultra-filtrated FBS supplemented with 20 mM [U-'3C3]-sodium
lactate (Sigma, cat. no. 485926) and 20 mM HCI, or 20 mM [2-2H]-s0-
dium lactate (Sigma, cat. no. 693987) and 20 mM HCl for 6 h (4T1) or 4
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h (HeLa).

Glutamine labeling: cells were cultured in glucose & glutamine-free
medium with 10% ultra-filtrated FBS supplemented with 2 mM
[U-'3Cs]-glutamine (Sigma, cat. no. 605166) for 6 h (4T1) or 3 h (HeLa).

After incubation, the metabolites were extracted as described above.
The extract was dissolved in 80 pl 30% acetonitrile followed by LC-MS/
MS analysis. Waters ACQUITY BEH Amide column (2.1 x 100 mm, 1.7
pm) was used on Waters ACQUITY UPLC system to perform liquid
chromatography. Mobile phase A: 10 mM ammonium acetate in 85%
acetonitrile, 15% water, pH 9.6; Mobile phase B: 10 mM ammonium
acetate in 50% acetonitrile, 50% water, pH 9.6. Gradient program:
0-0.4 min, 100% A; 0.4-2 min, 100-30% A; 2-2.5 min, 30-15% A;
2.5-3 min, 15% A; 3-3.1 min, 15-100% A; 3.1-7.5 min, 100% A. Col-
umn was kept at 50 °C, injection volume was 7.5 pl, and the flow rate
was 0.6 ml/min. The mass spectrometer was an AB SCIEX 4000 QTRAP
equipped with an electrospray ionization ion source in multiple reaction
monitoring (MRM) mode. All sample analyses except glutamine were
performed in negative ion mode. Glutamine was performed in positive
ion mode. The m/z, declustering potential (DP), collision energy (CE),
entrance potential (EP), and collision cell exit potential (CXP) are listed
in Supplementary Table 2. The MRM data were acquired and processed
using Analyst 1.5.2 software equipped in the mass spectrometer. The
observed mass isotopomer distribution (MID) of target intermediates
was calculated by the peak areas of the ion fragmentations. The
observed MID data were all corrected for nature isotopic abundance if
not specifically indicated.

2.7. Metabolite assays

For cultured cells, cell numbers (N) and the average cell diameter (D)
were measured by a flow cell counter before extraction. Then the total
cell volume (V) was estimated by 4/3 x & x (D/2)3 x N. For tumor
tissue, the tissue weight M (mg) was recorded and the total liquid vol-
ume in tumor tissue is M x 0.83 (pl) (The water content in solid tumor is
about 0.83 (w/w) [30]). The volume was used to calculate the cellular
concentrations of metabolites. After extraction, the lyophilized extract
was dissolved in 50-100 pl water. The metabolites concentrations were
measured according to methods described previously [31] with some
modifications. For each assay, a parallel group that contained the same
ingredients but a key enzyme was included to correct the background
that caused by non-enzymatic reactions.

Assay of isocitrate: 10 pl sample was added to a 1.5 ml tube con-
taining 90 pl reaction buffer (50 mM Tris-HCl, pH 8.1, with 100 pM
MnCly, 0.01% BSA, 300 pM NADP* (Sigma, cat. no. N5755) and 0.4 U/
ml isocitrate dehydrogenase (Sigma, cat. no. 12002)). The tube was
incubated at room temperature for 15 min, then 10 pl 2 mol/L NaOH
was added and the tube was incubated at 60 °C for 15 min to degrade
NADP™. The concentration of formed NADPH (equal to isocitrate con-
centration) in the reaction was measured by the methods described
above. Then the intracellular concentration of isocitrate was calculated.
The percentage of m+2 isotopologue was determined in isotopic label-
ing experiment, thus the concentration of isocitrate (m+2) was
calculated.

Assay of a-ketoglutarate: 10 pl sample was added to a 1.5 ml tube
containing 90 pl reaction buffer (20 mM imidazole base, 20 mM imid-
azole acetate, 25 mM ammonium acetate, with 100 pM ADP (Sigma, cat.
no. A5285), 100 pM NADH (Sigma, cat. no. N8129) and 0.15 U/ml
glutamate dehydrogenase (Sigma, cat. no. G2501)). The tube was
incubated at room temperature for 15 min, then 10 pl 2 mol/L HCI was
added and the tube was incubated at 60 °C for 15 min to degrade NADH.
The concentration of formed NAD™ (equal to a-KG concentration) in the
reaction was measured by the methods described above. Then the
intracellular concentration of a-KG was calculated. The percentage of
m-+2 isotopologue was determined in isotopic labeling experiment, thus
the concentration of a-KG (m+2) was calculated.

Assay of malate: 10 pl sample was added to 90 pl reaction buffer
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(100 mM 2-Amino-2-methyl-1-propanol (AMP) buffer, pH 9.9, with 40
mM glutamate (Sigma, cat. no. G8415), 2 mM NAD™ (Sigma, cat. no.
N0632), 3.5 U/ml malate dehydrogenase (Sigma, cat. no. M2634) and
0.9 U/ml aspartate transaminase (Sigma, cat. no. G2751)). The tube was
incubated at room temperature for 15 min, then 10 pl 2 mol/L NaOH
was added and the tube was incubated at 60 °C for 15 min to degrade
NAD™. The concentration of formed NADH (equal to malate concen-
tration) in the reaction was measured by the methods described above.
Then the intracellular concentration of malate was calculated. The
percentage of m+4 isotopologue was determined in isotopic labeling
experiment, thus the concentration of malate (m+4) was calculated.

Assay of glucose: 30 pl sample was added to 600 pl reaction buffer
(100 mM Tris-HCI, pH 8.1, with 1 mM MgCly, 500 pM NAD™", and 500
pM ATP (Sigma, cat. no. A3377)). 0.5 U/ml G6PDH (Sigma, cat. no.
G5760) was added to start the reaction and OD34¢ was read by a spec-
trophotometer to measure G6P concentration. Afterwards 0.5 U/ml
hexokinase (Sigma, cat. no. H4502) was added, and the mixture was
incubated for 10 min, then ODs4p was read by a spectrophotometer to
measure glucose concentration.

Assay of lactate: 30 pl sample was added to 600 pl reaction buffer
(200 mM glycine, 170 mM hydrazine (Sigma, cat. no. H4766), pH 9.2,
with 2 mM NAD' and 10 U/ml LDH (Sigma, cat. no. 1L2500)). The
mixture was incubated at room temperature for 1 h, and OD34¢ was read
by a spectrophotometer to measure lactate concentration.

Assay of glutamine plus glutamate: 10 pl sample was added to 50 pl
glutamine reaction buffer (50 mM acetate buffer, pH 4.9, with 0.2 mM
EDTA and 1 U/ml glutaminase (Sigma, cat. no. G8880)). The mixture
was incubated for 1 h at room temperature. Then 540 pl glutamate re-
action buffer (50 mM Tris-HCl buffer, pH 8.4, with 400 yM NAD", 100
pM ADP and 2 U/ml glutamate dehydrogenase (Sigma, cat. no. G2501))
was added and OD34¢ was read by a spectrophotometer after incubation
of 30 min at room temperature. The results measured glutamine plus
glutamate concentrations.

2.8. GSH/GSSG measurement

GSH/GSSG was measured according to the method described by
Rahman et al. [32] with some modifications. After extraction, the
lyophilized sample was dissolved in 400 pl 0.1 M KPE buffer, then
equally divided into two tubes. 4 pl 2-vinylpyridine (Sigma, cat. no.
132292) (1:10 diluted) was added in one tube (tube A) to derivatize GSH
and the reaction was taken place for 1 h at room temperature in a fume
hood. Then 12 pl triethanolamine (Sigma, cat. no. T1377) (1:6 diluted)
was added to tube A to neutralization for 10 min. Tube B was kept on ice
before determination. 2 mg DTNB (Sigma, cat. no. D8130) in 3 ml KPE,
2 mg NADPH (Sigma, cat. no. N7505) in 3 ml KPE, and 40 pl GR (Sigma,
cat. no. G3664) (250 U/ml) in 3 ml KPE were prepared fresh. 20 pl
sample/blank/standard were added to wells of 96-well plate, then equal
volumes of freshly prepared DTNB and GR solutions were mixed
together and 120 pl mixture were added to each well. After 30 s, 60 pl
NADPH was added and well mixed, then OD4;2 were immediately read
in a microplate reader and measurements were taken every 30 s for 2
min. The change rate of the absorbance indicated the concentration of
GSH or GSSG. Thus, the concentrations of the samples were calculated
by standard curves. Tube A represented GSSG concentration while tube
B represented total [GSH] ([GSH] + 2 x [GSSG]) concentration. Then
GSH/GSSG was calculated.

2.9. Enzymatic activity assays

Cells (at least 10°) were harvested by treating with trypsin-EDTA at
37 °C for 2-5 min. The digestion was stopped by adding complete cul-
ture medium and the medium was removed by centrifuging at 200xg for
5 min. The cell pellet was washed with PBS, then lysed with mammalian
protein extraction reagent (Thermo fisher, cat. no. 78501) (100 pl/ 106
cells) containing protease inhibitor cocktail (Thermo fisher, cat. no.
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78437) on ice for 20 min. The debris was removed by centrifuging at
25,000xg for 5 min at 4 °C, and the supernatant was kept on ice before
determination. The protein concentration of the cell lysate was
measured by BCA Protein Assay Kit (Thermo fisher, cat. no. 23225). The
enzyme activity was measured by a spectrophotometer and the experi-
ments were all performed at 37 °C according to methods described
previously [31]:

For IDH activity determination: 40 pl lysate was added to 600 pl
reaction buffer (50 mM Tris-HCl, pH 8.1, with 100 pM MnCl,, 1 mM
isocitrate (Sigma, cat. no. 11252) and 1 mM NADP™). The absorbance at
340 nm was read every 10 s for 2 min. The activity was calculated from
the linear part of the curve.

For ME activity determination: 40 pl lysate was added to 1 ml re-
action buffer (50 mM Tris-HCl, pH 7.8, with 50 pM MnCl,, 5 mM malate
(Sigma, cat. no. 02288) and 100 puM NADP™). The absorbance at 340 nm
was read every 5 min for 30 min. The activity was calculated from the
linear part of the curve.

For MDH activity determination: 40 pl lysate was added to 1 ml re-
action buffer (50 mM Tris-HCl, pH 8.1, with 200 pM oxaloacetate
(Sigma, cat. no. 07753) and 200 pM NADH). The absorbance at 340 nm
was read every 10 s for 1 min. The activity was calculated from the linear
part of the curve.

For LDH activity determination: 10 pl lysate was added to 1 ml re-
action buffer (1 x PBS, with 1 mM pyruvate (Sigma, cat. no. 107360)
and 200 pM NADH). The absorbance at 340 nm was read every 10 s for 1
min. The activity was calculated from the linear part of the curve.

2.10. Immunoblotting

The method to prepare cell lysate was the same as in 2.9. The lysates
were diluted by 5 x loading buffer (Thermo fisher, cat. no. 39001)
followed by boiling for 10 min. 50 pg protein was loaded onto the 10%
SDS-PAGE gels and was separated. The proteins were transferred to
polyvinylidene difluoride (PVDF) membranes and the membrane was
blocked with 5% non-fat milk (w/v) at room temperature for 1 h fol-
lowed with primary antibody incubation overnight at 4 °C. The primary
antibodies used here include: anti-IDH1 (1:1000, Abcam, cat. no.
ab172964), anti-ME1 (1:2000, Abcam, cat. no. ab97445), anti-MDH1
(1:10000, Abcam, cat. no. ab180152), anti-Visfatin (1:1000, Abcam,
cat. no. ab236874), anti-LDHA (1:1000, Cell Signal Technology, cat. no.
2012), anti-LDHB (1:200, Santa Cruz Biotechnology, cat. no. sc-
100775), anti-beta actin (1:10000, Abcam, cat. no. ab8226), anti-
GAPDH (1:10000, Proteintech, cat. no. 60004-1-Ig). The membrane
was washed with TBST for three times, and then incubated with HRP-
conjugated secondary antibody (1:10000, BBI, cat. no. D110058 and
D110087) at room temperature for 1 h. The membrane was washed with
TBST for three times and protein bands were detected by adding ECL
(PerkinElmer, cat. no. NEL103001EA) and captured on a Chemilumi-
nescent Imaging System (Tanon, Shanghai, China).

2.11. Redox state determination of thioredoxin 1 and peroxiredoxin 1

For redox state determination assay, control and knockout cells were
incubated under glucose deprivation with or without lactic acidosis.
Control cells cultured in medium containing DTT (500 pM) or Hy0,
(200 pM) were also included in the experiments as negative and positive
controls.

The redox state of Trxl was measured according to the method
described by Y.M. Go et al. [33] with some modification. After treat-
ment, the medium was aspirated and cells were washed by PBS three
times. 200 pl lysis buffer (20 mM Tris, 150 mM NaCl, 1% Triton X-100,
50 mM iodoacetic acid, 1 x proteases inhibitor cocktail, pH 7.5) was
added to a well of a 6-well plate. The cells were scraped, collected into a
1.5 ml tube, and were lysed by pipetting up and down until the sus-
pension was clear. The lysate was incubated at 37 °C for 30 min in the
dark. The cell debris was removed by centrifuging at 25,000xg for 5 min
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at 4 °C. The protein concentrations of the derivatized samples were
determined using BCA assay, and the samples were mixed with 5 x
native and non-reducing loading buffer. 25 pg proteins were loaded onto
a 15% native PAGE gel and were electrophoresed in 1 x native running
buffer at 150 V for 80 min. The proteins were transferred to PVDF
membrane in 1 x native transfer buffer at 125 W for 2 h. The blocking
and antibody incubation procedures were the same with that in 2.10.
The primary antibody was anti-Trx1 (1:10000, Abcam, cat. no.
ab109385). GAPDH is difficult to be transferred from the gel to the
membrane as it charged little without SDS. Therefore, GAPDH was
analyzed by regular SDS-PAGE instead.

The redox state of Prx1 was measured according to the method
described by A.G. Cox et al. [34] with some modification. After treat-
ment, the medium was aspirated and cells were washed by PBS three
times. 200 pl alkylation buffer (40 mM HEPES, 50 mM NaCl, 1 mM
EGTA, 100 mM N-Ethylmaleimide, 1 x proteases inhibitor cocktail, pH
7.4) was added to a well of a 6-well plate. The plate was incubated at
room temperature for 10 min. Then 15 pl 15% CHAPS was added to a
well and the cells were lysed at room temperature for 10 min. The cell
debris were removed by centrifuging at 25,000 g for 5 min at 4 °C. The
protein concentrations of the samples were determined using BCA assay,
and the samples were mixed with 5 x non-reducing loading buffer. 25 pg
proteins were loaded onto a 15% SDS-PAGE gel. The SDS-PAGE and
immunoblotting procedures were the same with that in 2.10. The pri-
mary antibody was anti-Prx1 (1:10000, Abcam, cat. no. ab109498).

2.12. ROS level measurement

Cellular ROS level was measured by DCFH-DA (Sigma, cat. no.
D6883) according to manufactures’ instruction. In brief, after a period of
time of nutrition deprivation, cells were loaded with 10 pM DCFH-DA
for 30 min (the deprivation condition was not changed at the time).
Cells were washed with ice-cold PBS (supplemented with 0.4 mM Ca?*
and Mg?*") three times and were immediately observed under a Zeiss
LSM710 laser confocal microscope. The images were photographed by
the equipped Zen software.

2.13. Flow cytometric analysis of cell necrosis and apoptosis

Cells were harvested by accutase digestion, and centrifuged at 200 xg
for 5 min. The cells were washed with PBS and stained using Annexin V-
FITC and Propidium iodide (PI) solution (Beyotime, cat. no. C1062L) for
10 min at room temperature in the dark. The percentage of necrotic and
apoptotic cells for each sample was immediately measured by Beckman
Coulter DxFLEX flow cytometer.

2.14. Cell survival curves and doubling times determination

In survival curves experiments, cells were seeded into 96-well plates
to allow attachment overnight (70-80% confluence the next day). The
medium was replaced with corresponding nutrition-deprived medium.
Cell numbers were counted by CCK-8 assay (Boster, cat. no. AR1160) at
indicated times. To determine doubling times, 2 x 10° cells were seeded
into 96-well plates to allow attachment overnight. Cell numbers were
counted every day (including day 0) by CCK-8 assay until 72 h. CCK-8
was used according to manufactures’ instruction. Briefly, the medium
was changed with 100 pl fresh medium containing 10% CCK-8, and the
plate was incubated at 37 °C for 30 min. OD45o were read in a microplate
reader. Standard curves were created by plotting cell numbers versus
ODys0. The exact cell numbers were calculated by standard curves.

2.15. Invivo study
Balb/c mice (female, 6 weeks old) were obtained from SLAC Labo-

ratory animal Co., Ltd, Shanghai, China, and maintained at the Labo-
ratory Animal Research Center of Zhejiang Chinese Medical University.
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Mice were housed in a standard polypropylene cage containing sterile
bedding with free access to standard rodent chow and water under a
controlled condition of temperature (25 °C), humidity (50%), and light
(10 and 14 h of light and dark). All the animal study were performed in
accordance with the institutional guidelines and regulations, and were
approved by the Animal Ethical Committee of Zhejiang Chinese Medical
University (ethical agreement number: ZSLL-2017-125).

For syngeneic xenograft tumor model, 4T1 control, IDH1 knockout,
ME1 knockout and IDHI1&ME1l knockout cells were harvested by
Trypsin-EDTA, washed by PBS twice, and temporarily (less than 0.5 h)
resuspend in RPMI-1640 without FBS before inoculation. The final cell
concentration was 108/ml. 100 pl cell suspension was inoculated in the
right second mammary pad area of each Balb/c mouse (6 mice were
randomly assigned to the same group). The tumor sizes were measured
by vernier calipers every few days, and tumor volumes were estimated
by the formula: V = (L x Ww3) x 0.5, where L is length and W is width. On
day 28, mice were sacrificed and tumors were dissected, weighted and
photographed. Halves of the tumors were stored in liquid nitrogen for
metabolites determination, and the other halves were stored in formalin.
The lung metastasis nodules were assessed by counting macroscopic
metastatic nodules based on previous report [35].

For survival analysis study, 5 x 10* (suspended in 100 ul RPMI-1640
without FBS) 4T1 control, IDH1 knockout, ME1l knockout, and
IDH1&ME1 knockout cells were inoculated in the right second mam-
mary pad area of each Balb/c mouse, respectively (10 mice were
randomly assigned to the same group). The mice were observed every
day after 28 days and the death events were recorded until 90 days.

2.16. Quantification and statistical analysis

All statistical analyses were performed using GraphPad Prism 8.0.
The statistical parameters (i.e., exact value of n, what n represents,
representation of error bars, p values) were all indicated in each
Fig. legend. The statistical significance of the difference between two
groups was analyzed using unpaired two-tailed Student’s t-test, and
Kaplan Meier curves for survival were analyzed using log-rank test. p <
0.05 was considered as statistically significant.

3. Results

3.1. Lactate supports NADPH generation by IDH1 rather than ME1 under
glucose-deprived condition with lactic acidosis

To investigate the glucose-independent NADPH producing path-
ways, we used glucose-free RPMI-1640 medium supplemented with 10%
ultra-filtrated FBS to build a glucose-deprived environment. We found
that the tolerances of cancer cell lines to glucose deprivation are
different. To be more representative, we chose three cancer cell lines
whose tolerances were different from each other (Supplementary
Fig. 1A). The cellular NADPH/NADP™ ratios of the three cells were all
declined over time under glucose deprivation (Supplementary Fig. 1B),
and the decreases showed statistical significance in hours (Fig. 1A),
indicating a major contribution of glucose to NADPH production. Lactic
acidosis partially recovered the NADPH/NADP" ratios of the three
cancer cells (Fig. 1A), suggesting that lactate is involved in maintaining
NADPH homeostasis when glucose is absent.

We next explored the mechanism by which lactate raises NADPH/
NADP™ ratios under glucose deprivation. Lactate could convert to
glucose via gluconeogenesis in some cancer cells [36], and the
lactate-derived glucose may shunt to oxPPP and generate NADPH. As
such, we first checked whether gluconeogenesis is active in the three cell
lines or not. We used [U—13C3]—lactate as labeling substrate, however,
[*3Cs] or [13C6]-glucose was not detected (Supplementary Fig. 1C).
Hence, gluconeogenesis is excluded. Apart from oxPPP, isocitrate de-
hydrogenase 1 (IDH1) and malic enzyme 1 (ME1) are the main cytosolic
NADPH producing enzymes. We then established IDH1 or ME1l or
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double gene knockout cell lines. The gene knockout cell lines were
confirmed by immunoblot (Fig. 1B) and enzyme activity determination
(Supplementary Fig. 1D and E). The gene knockout cell lines showed
similar doubling times to control cells under regular culture conditions
(Supplementary Fig. 2A). The effects of IDH1 or ME1 knockout on the
NADPH/NADP" ratios under regular culture showed difference in three
cell lines (changes were statistically significant in 4T1 and HeLa cells but
not in H460 cells), yet the three double gene knockout cells all exhibited
a significant decrease of the NADPH/NADP™" ratios (Supplementary
Fig. 2B), indicating a combinational contribution of IDH1 and ME1 to
cellular NADPH pool. However, the decline of NADPH/NADP™ ratio
caused by IDH1 and ME1 knockouts was much smaller than that caused
by glucose deprivation (Supplementary Fig. 2C), indicating that the
contribution of IDH1 and ME1 to NADPH pool in the presence of glucose
is much smaller than the glucose-derived NADPH. Therefore, in the
presence of glucose, though IDH1 and ME1 make an evident contribu-
tion to total NADPH pool (statistical significance in NADPH/NADP™
between control and double knockout cells), their contribution is minor
(the decline in NADPH/NADP" was relatively small compared to the
total NADPH pool). Furthermore, the unabated growth rate of double
gene knockout cells (Supplementary Fig. 2A) suggested that the loss of
IDH1&ME1-dependent NADPH formation do not affect cell growth
under regular culture. Thus, IDH1 and ME1 are not indispensable when
glucose is present.

We next tested the effect of IDH1 or ME1 knockout on lactate-related
NADPH production in cells under glucose deprivation. The NADPH/
NADP™ in knockout cells were significantly decreased compared to the
control cells under glucose starvation (Fig. 1C). When lactate was added,
in 4T1 and H460 cells, the NADPH/NADP™ in control and ME1 knockout
cells but not IDH1 or double gene knockout cells were markedly
increased (Fig. 1C). In HeLa cells, NADPH/NADP" in IDH1 or double
gene knockout cells was also increased, yet the increments were much
smaller than those in control and ME1 knockout cells. The results sug-
gested that IDH1 but not ME1 is essential in the lactate-related NADPH
production.

To investigate the relationship between lactate and IDH1 and its
relevance with NADPH, we did the following experiments. First, lactate
may upregulate IDH1, because lactate could be a signaling molecule
[21]. However, we found that IDH activity and IDH1 protein expression
did not change significantly under lactic acidosis (Fig. 1D and Supple-
mentary Fig. 3A). Second, as lactate is a carbon source for the TCA cycle
under glucose deprivation [37], it could be used to synthesize isocitrate.
To verify this, we used [U—13C3] -lactate to trace the metabolic fate of
lactate. Theoretically, m + 2 isotopologue of the intermediates is the
product generated in the first TCA cycle (Supplementary Fig. 3B), and
m+2 isocitrate was the most abundant in a short time of labeling
(Supplementary Fig. 3C, upper panel). The concentrations of isocitrate
(m+2) in IDH1 knockout and double gene knockout cells were signifi-
cantly increased, while the concentrations of «-KG (m+2) were signifi-
cantly reduced (Fig. 1E and Supplementary Fig. 3D), indicating an
accumulation of lactate-carbon-incorporated isocitrate and blockage of
oxidative decarboxylation of isocitrate with concomitant NADPH gen-
eration. The results confirmed that cancer cells use lactate carbon to
synthesize isocitrate, which was used to generate NADPH by IDH1 under
glucose-deprived condition with lactic acidosis.

On the other hand, why ME1 is independent of the lactate-involved
NADPH production can be explained by [2-?H]-lactate labeling experi-
ment (Fig. 1F). Theoretically, the deuterium at C-2 of lactate can be
transferred to the nicotinamide ring of NAD™ to form NADH (m + 1) in
the LDH-catalyzed reaction. Then the deuterium can be transferred to
oxaloacetate to form malate (m + 1) via MDH1 or retained in NAD" (m
+ 1) in the B-type dehydrogenase-catalyzed reactions. The deuterium
leaves malate (m + 1) and is received by NADP™ to form NADPH (m +1)
via ME1. NAD™ (m + 1) can receive another deuterium to form NADH
(m + 2). NADPH (m + 2) can be formed in a similar way. The results
showed that NADH, NAD' and malate were all sufficiently labeled
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Fig. 1. Lactate supports NADPH generation by IDH1 rather than ME1 under glucose-deprived condition with lactic acidosis. (A) Cellular NADPH/NADP™ ratios of
three cancer cell lines under three different conditions. Incubation times were 9 h (4T1), 3 h (HeLa) and 6 h (H460), respectively. (B) Confirmation of IDH1 knockout,
ME1 knockout, and double gene knockout in three cancer cell lines by immunoblot. The cells transfected with empty px459 vector were used as knockout controls.
(C) The effect of lactic acidosis on NADPH/NADP™ ratios of IDH1 or/and ME1 knockout cancer cells under glucose-deprived condition. Incubation times were 6 h
(4T1), 3 h (HeLa) and 4 h (H460), respectively. (D) The effect of lactic acidosis on total IDH activities of the three cancer cells. (E) Concentrations of isocitrate (m+2)
and a-KG (m+2) after labeling with 20 mM [U-'3C5]-lactate for 6 h in 4T1 knockout cells. (F) Theoretical pathways to transfer electron pairs from C-2 of lactate to
the nicotinamide ring of NADPH. Except the nicotinamide ring, the remaining moiety of NAD(P) is denoted by Ryap). (G) The m+1 (2)/m+0 ratios of the in-
termediates in the electron transfer pathways after labeling with 20 mM [2-2H]-lactate for 6 h in 4T1 cells. The labeling data were not corrected for natural isotopic
abundance. (H) Schematic diagram to illustrate NADPH maintenance by lactate under glucose-deprived conditions. The fluxes indicated by dash lines are marginal.
Glc (4): Complete RPMI-1640 medium; Glc (—): Glucose-free RPMI-1640 medium; Glc (+) + LA: Glucose-free RPMI-1640 medium supplemented with 20 mM lactic
acid (4T1 and HeLa, pH 6.7) or with 20 mM lactic acid and 10 mM NaOH (H460, pH 7.1). Data are shown as means + SD, with n = 3 biological replicates in (A), (C),
(E) and (G), and the results were all confirmed by three independent experiments; Data are means + SD, from three independent experiments performed in triplicates
i‘n (D). n. s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s test). See also Supplementary Figs. 1-3.

(Fig. 1G). However, the ratios of labeled NADPH to unlabeled ones ((m
+ 1)/(m + 0) and (m + 2)/(m + 0)) showed no significant increase
compared to that of natural abundance (Fig. 1G). For NADP™, the value
of (m + 1)/(m + 0) was almost equal to that of natural abundance. ME1
knockout had no significant effect on the labeling result (Fig. 1G). The
rapid decrease of deuterium labeling from malate to NADPH implied
that most deuterium from malate did not transfer directly to NADP™ or
the transfer was diluted by other NADPH-producing fluxes (e.g., IDH1),
hence the flux of ME1-catalyzed reaction was negligible compared to the
total NADPH-producing flux under lactic acidosis and ME1 knockout
had little effect to the rescue of NADPH by lactate. Taken together, we
revealed the biochemical pathway of NADPH generation from lactate in
cancer cells under glucose deprivation (Fig. 1H).

3.2. Glutamine supports NADPH generation by ME1 via reverse malate-
shuttle under glucose-deprived condition without lactic acidosis

Although ME1l did not play a role in lactate-involved NADPH
pathway, it was important for cancer cells when glucose and lactate
were both depleted. Under this condition, the NADPH/NADP™ ratio of
ME1 knockout cells decreased by 6-40 folds as compared with control
cells (Fig. 1C). IDH1 knockout cells also showed a similar tendency, but
not as marked as ME1 (Fig. 1C). Double gene knockout exerted an ad-
ditive effect on NADPH/NADP™ decrease (Fig. 1C). The results indicated
that ME1 plays a crucial role in maintaining cellular NADPH when
cancer cells are deprived of glucose.

It has been reported that MEl-dependent NADPH production is
associated with glutamine in pancreatic cancer [38]. To check whether
it is the case here, we cultured the gene knockout cells in glucose and
glutamine double free RPMI-1640 medium. When glutamine was
replenished, control cells showed a marked increase of NADPH/NADP™
(Fig. 2A), IDH1 knockout cells showed a relatively moderate increase of
NADPH/NADP"' (Fig. 2A), but the NADPH/NADP" ratios of ME1
knockout cells were not changed (4T1 and HeLa) or even decreased
(H460) (Fig. 2A). Therefore, ME1 is tightly associated with
glutamine-related NADPH generation. To check whether glutamine
directly participates in the formation of malate, we performed
[U-'3Cs]-glutamine tracing experiment. M + 4 isotopologue of malate is
produced from glutamine in the first cycle of TCA (Supplementary
Fig. 3B), and it was the most abundant isotopologue (Supplementary
Fig. 3C, lower panel). The concentrations of malate (m + 4) were
significantly increased in the ME1 knockout cells (Fig. 2B and Supple-
mentary Fig. 3E), indicating that malate converting to pyruvate (NADP*
reducing to NADPH) via ME1 was blocked. To further confirm this, we
used glutaminase inhibitor BPTES (bis-2-(5-phenylacetamido-1,2,
4-thiadiazol-2-yl)ethyl sulfide) to test its effect on glutamine-involved
NADPH recovery. BPTES significantly inhibited NADPH recovery in
control and IDH1 knockout cells, but had no effect on ME1 knockout and
double gene knockout cells (Fig. 2C).

Previous studies demonstrated that glutamine-derived oxaloacetate
is reduced to malate by MDH1 in cytoplasm and then produces NADPH
by ME1l [38-40]. However, these experiments were not performed

under glucose-deprived condition. We doubt whether there is enough
NADH to reduce oxaloacetate in cytosol when glucose is deprived and
glycolysis is abrogated. To test our assumption, we established MDH1
knockout cell lines. The knockout was confirmed by immunoblot (Sup-
plementary Fig. 3F) and MDH activity determination (Supplementary
Fig. 3G). If the ME1-dependent NADPH production is coupled with
MDHI1 reaction, MDH1 knockout should exert a similar effect to ME1
knockout on NADPH/NADP" when glutamine is replenished. However,
unlike ME1 knockout, MDH1 knockout significantly increased
NADPH/NADP" ratio (Fig. 2D). To our surprise, the increase of
NADPH/NADP" in MDH1 knockout cells are even larger than that of
control cells (Fig. 2D), suggesting that the direction of MDH1 reaction is
from malate to oxaloacetate under this condition. The results hence
indicted that malate, the substrate of ME1, is not from the reduction of
oxaloacetate by MDH1 in cytosol. We speculated that malate is directly
transported from mitochondria to cytoplasm. Butylmalonate is used as a
mitochondrial malate transporter inhibitor [41]. When butylmalonate
was added, the glutamine-involved NADPH/NADP" increments were
impaired in control and IDH1 knockout cells (Fig. 2E). Taken together,
when glucose is deprived, glutamine is converted to malate in a chain of
reactions involving glutaminase, transaminase or glutamate dehydro-
genase and the TCA cycle, then malate is shuttled from mitochondria to
cytoplasm, where it is catalyzed by ME1 to produce NADPH (Fig. 2F).

3.3. IDHI and ME] play a key role in maintaining redox balance and
resisting cell death under glucose-deprivation with or without lactic
acidosis

NADPH is essential to keep cellular redox balance. To check the
importance of IDH1 and ME1 in redox homeostasis, we determined the
GSH/GSSG ratio, ROS level and the redox states of antioxidant proteins
(thioredoxin 1 and peroxiredoxin 1) in control and the gene knockout
cells under glucose-deprivation with or without lactic acidosis. The
GSH/GSSG ratio decreased significantly in 4T1 ME1 knockout and
double gene knockout cells 7 h after glucose deprivation without lactic
acidosis (Fig. 3A, upper panel). Under glucose deprivation with lactic
acidosis, the GSH/GSSG ratio was significantly decreased in the double
gene knockout cells after 28 h, while the ratio showed a minor and not
statistically significant decrease in IDH1 knockout cells (Fig. 3A, lower
panel). Similar results were obtained in HeLa (Supplementary Fig. 4A)
and H460 (Supplementary Fig. 5A) cells.

The ROS level of control, IDH1 knockout, ME1 knockout, and double
gene knockout cells exhibited a stepwise increment under glucose
deprivation without lactic acidosis (Fig. 3B, Supplementary Figs. 4B and
5B, left panel), indicating that the antioxidative activity of ME1 is larger
than that of IDH1 and the effect of ME1 and IDH1 on ROS is additive.
Under glucose deprivation with lactic acidosis, ROS was markedly and
moderately increased in the double gene knockout and IDH1 knockout
cells, respectively (Fig. 3B, Supplementary Figs. 4B and 5B, right panel).

The reduced form of thioredoxin 1 (Trx1) were decreased, while the
oxidized form of Trx1 were increased in ME1 knockout and double gene
knockout 4T1 cells under glucose deprivation without lactic acidosis
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Fig. 2. Glutamine supports NADPH generation by ME1 via reverse malate-shuttle pathway under glucose-deprived condition without lactic acidosis. (A) Effect of
supplementing glutamine (2 mM) on cellular NADPH/NADP™ ratios under glucose & glutamine-deprived condition in control, IDH1 knockout, ME1 knockout, and
IDH1&ME1 knockout cancer cells. (B) Concentrations of malate (m + 4) after labeling with 2 mM [U-'3Cs]-glutamine for 6 h in 4T1 control, IDH1 knockout, ME1
knockout, and IDH1&ME1 knockout cells. (C) Effect of glutaminase inhibitor BPTES (100 pM) on cellular NADPH/NADP™ ratios under glucose-deprived condition in
control or ME1 knockout cells (4T1) and IDH1 or IDH1&ME1 knockout cells (H460). As BPTES is dissolved in DMSO, DMSO is also set as a control. (D) Effect of
supplementing glutamine (2 mM) on cellular NADPH/NADP™ ratios under glucose & glutamine-deprived condition in control, ME1 knockout and MDH1 knockout
cancer cells. (E) Effect of mitochondrial malate transporter inhibitor butylmalonate (5 mM for 4T1 and 2.5 mM for H460) on cellular NADPH/NADP" ratios under
glucose-deprived condition in control or ME1 knockout cells (4T1) and IDH1 or IDH1&ME1 knockout cells (H460). (F) Schematic diagram to illustrate NADPH
maintenance by glutamine under glucose-deprived condition without lactic acidosis. The red * x " refers the net flux of the MDH1-catalyzed reactions is from malate
to oxaloacetate. Glc (—) Gln (—): Glucose and glutamine-free RPMI-1640 medium; Glc (—) Gln (+): Glucose and glutamine-free RPMI-1640 medium supplemented
with 2 mM glutamine. Incubation times were 6 h (4T1), 3 h (HeLa) and 4 h (H460), respectively. Data are shown as means + SD, with n = 3 biological replicates, and
the results were all confirmed by three independent experiments. n. s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s test). See also Supplementary
Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. IDH1 and ME1 play a key role in maintaining redox balance and resisting cell death in 4T1 cells under glucose-deprivation with or without lactic acidosis
(A) Cellular GSH/GSSG ratios of 4T1 control, IDH1 knockout, ME1 knockout and IDH1&ME1 knockout cells under glucose deprivation with or without lactic
acidosis. (B) Cellular ROS levels of 4T1 control, IDH1 knockout, ME1 knockout and IDH1&ME1 knockout cells under glucose deprivation with or without lactic
acidosis. ROS was probed by DCFH-DA. Bar = 25 pm. (C) The redox state of thioredoxin 1 (Trx1) in 4T1 control, IDH1 knockout, ME1 knockout and IDH1&ME1
knockout cells under glucose deprivation with or without lactic acidosis. The reduced form of Trx1 was derivatized with IAA, hence it had more negative charge than
oxidized form and moved faster in the native PAGE. The reduced form/oxidized form ratios were calculated based on the gray values of the bands. (D) The redox state
of peroxiredoxin 1 (Prx1) in 4T1 control, IDH1 knockout, ME1 knockout and IDH1&ME1 knockout cells under glucose deprivation with or without lactic acidosis.
The reduced form of Prx1 is monomer and the oxidized form is dimer, hence they can be separated by non-reducing SDS-PAGE. The reduced form/oxidized form
ratios were calculated based on the gray values of the bands.(E) Survival curves of 4T1 control, IDH1 knockout, ME1 knockout and IDH1&ME1 knockout cells under
glucose deprivation with or without lactic acidosis. (F) The necrosis and apoptosis rates of 4T1 control, IDH1 knockout, ME1 knockout and IDH1&ME1 knockout cells
under glucose deprivation with or without lactic acidosis. PI (+), Annexin V-FITC(+): necrosis or late apoptosis; PI (—), Annexin V-FITC(+): early apoptosis. Glc (—):
Glucose-free RPMI-1640 medium; Glc (+) + LA: Glucose-free RPMI-1640 medium supplemented with 20 mM lactic acid, pH 6.7. Data are shown as means + SD, with
n = 3 biological replicates in (A) (C) (D) (F), n = 5 biological replicates in (E), and the results were all confirmed by three independent experiments. n. s. not
s‘igniﬁcant, **p < 0.01, ***p < 0.001 (Student’s test). See also Supplementary Figs. 4 and 5.

<

(Fig. 3C, upper panel). Under glucose deprivation with lactic acidosis, (LDH). The chemical equation of the reaction is as follows:
Trx1 in IDH1 knockout and double gene knockout 4T1 cells showed an

+ +
increase in oxidized form but a decrease in reduced form (Fig. 3C, lower Lactate + NAD™ = Pyruvate + NADH + H

panel). The variation tendencies of Prx1 in the knockout 4T1 cells were The standard change of Gibbs free energy (AG™) of the reaction is
virtually the same with that of Trx1, except that IDH1 knockout did not 25.1 kJ/mol [42], hence unfavorable for lactate converting to pyruvate
affect the redox state of Prx1 under glucose deprivation with lactic under standard condition. To convert lactate to pyruvate, the actual
acidosis (Fig. 3D). Similar results were also obtained in HeLa (Supple- change of the Gibbs free energy (AG) must be negative. According to the
mentary Fig. 4C and D) and H460 cells (Supplementary Fig. 5C and D). Gibbs free energy equation, AG is dictated by reaction quotient (Q). Our
Altogether, IDH1 and ME1 play an important role in maintaining redox previous studies showed that at steady state, intracellular pyruvate
balance under glucose deprivation with and without lactic acidosis, concentration is nearly constant [43], hence lactate concentration is the
respectively, and the combination of IDH1 and MEI is more crucial for main determinant to change the Q value. We correlated lactate con-
redox balance under both conditions. centrations with NADPH/NADP" in ME1 knockout cells (Fig. 4A).
Disrupted redox balance would threaten the survival of cancer cells. NADPH/NADP" ratios increased moderately at lactate concentrations
When we kept the cells under glucose deprivation with or without lactic between 0 and 15 mM and then increased sharply by further increasing
acidosis, death occurred and the survival curves differed among the gene lactate concentration (Fig. 4A). Survival curves of ME1 knockout cells
knockout cells (Fig. 3E, Supplementary Figs. 4E and 5E). Cultured in also showed a similar trend to that of NADPH (Fig. 4B). The survival
glucose-free medium without lactic acidosis, the IDH1 knockout cells curves were close (4T1) or nearly superposed (HeLa) at lactate con-
showed a similar curve to control 4T1 cells (Fig. 3E), while ME1 centrations between 0 and 10 mM. Rescue of cells by lactate was evident
knockout cells and the double gene knockout cells died much faster at lactate concentration higher than 15 mM (Fig. 4B). Changing lactate
(Fig. 3E), suggesting that ME1 is more important than IDH1 for survival concentrations did not affect NADPH/NADP™" in IDH1 knockout cells
under glucose-deprived condition without lactic acidosis. In contrast, (Fig. 4A) and only moderately affected the survival (Supplementary
under lactic acidosis, IDH1 knockout cells died faster than ME1 Fig. 6A), consistent with the conclusion regarding the relationship be-
knockout cells, and the double gene knockout cells still died fastest tween lactate and IDH1.
(Fig. 3E). Therefore, IDH1 contributes more than ME1 to survival under Besides exogenous lactate, another factor that influences the intra-
glucose-deprivation with lactic acidosis. The above results were reca- cellular lactate concentration is pH value [44]. Because the transporter
pitulated in HeLa and H460 cells (Supplementary Figs. 4E and 5E), with of lactate, MCT, is a symporter for lactate and H*, low pH (high proton
slight difference in death time caused by different sensitivities to glucose concentration) facilitates lactate influx. We showed that NADPH re-
deprivation. covery by lactic acidosis (added with 20 mM lactic acid, pH 6.7) was
At last, we performed FACs experiments involving propidium iodide significantly higher than by lactosis (added with 20 mM sodium lactate,
(PI) and Annexin V-FITC to measure cell necrosis and apoptosis rate pH 7.4) or by acidosis (added with 20 mM hydrochloric acid, pH 6.7)
under glucose deprivation with or without lactic acidosis. Pronounced (Fig. 4C), confirmed the essentiality of both low pH and high lactate
necrosis or late apoptosis was observed in ME1 and double gene concentration.
knockout 4T1 cells under glucose deprivation without lactic acidosis Another substrate of LDH-catalyzed reaction is NAD*. We noticed
(Fig. 3F). Under glucose starvation with lactic acidosis, only the double that intracellular NAD' concentration and NADT/NADH ratio of ME1
gene knockout 4T1 cells showed evident necrosis or late apoptosis knockout cells were increased with lactate concentration under lactic
(Fig. 3F). HeLa knockout cells showed higher early apoptosis rates under acidosis (Fig. 4D). The phenomenon was more obvious in HeLa cells, and
glucose deprivation with or without lactic acidosis (Supplementary it did not occur in IDH1 knockout cells (Supplementary Fig. 6B). As
Fig. 4F). The results of H460 cells were similar with that of 4T1 cells Nampt is the rate-limiting enzyme for NAD™ salvage synthesis [45], we
(Supplementary Fig. 5F). tested its expression under lactic acidosis. The result showed that the
Taken together, the survival and death mode experiments were in expressions of Nampt in ME1 knockout HeLa cells were not changed
agreement with the results regarding NADPH/NADP" and redox state: under lactic acidosis (Supplementary Fig. 6C). Nevertheless, the raised
when NADPH level falls (e.g., IDH1 + ME1 knockout cells under glucose NAD'/NADH ratio increased the Q value of LDH-catalyzed reaction,
deprivation), GSH/GSSG declines, ROS level rises and antioxidant pro- hence makes lactate converting to pyruvate more favorable. We can
teins (Trx1 and Prx1) become more oxidized, then cells become estimate the additive effect of the two substrates (Fig. 4E): take
vulnerable and cell deaths (necrosis and apoptosis) are triggered. HeLa/ME1 knockout cells for example, the NAD'/NADH ratios at 20

mM and 2.5 mM lactate were about 20 and 8, respectively (Fig. 4D).
Suppose the pyruvate concentrations are equal in two conditions, the Q
values at 20 mM and 2.5 mM should be [Pyr] x (1/8)/2.5, and [Pyr] x
(1/20)/20, respectively. Thus, Q2 5 is 20 times of Qao. Then, In Q25 - In
Q20 ~ 3. Then we could calculate (AGys - AGyg) according to the
mathematic relationship between AG and In Q (Fig. 4E), which is 7.7

3.4. Lactate-involved NADPH production is constrained by the
thermodynamic barrier of LDH-catalyzed reaction

To participate in the pathway to generate NADPH, lactate must first
convert to pyruvate. This reaction is catalyzed by lactate dehydrogenase
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Fig. 4. Lactate-involved NADPH production is constrained by the thermodynamic barrier of LDH-catalyzed reaction. (A) The effect of lactate concentrations on
cellular NADPH/NADP™ ratios of IDH1 or ME1 knockout cells under glucose-deprived condition. (B) The effect of lactate concentrations on the survival of ME1
knockout cells under glucose-deprived condition. (C) Cellular NADPH/NADP™ ratios of ME1 knockout cells under four different conditions: glucose-free, glucose free
with lactic acidosis, glucose free with lactosis, and glucose free with acidosis. (D) The effect of lactate concentrations on cellular NAD*, NADH concentrations and
NAD"/NADH ratios of ME1 knockout cells under glucose-deprived condition. (E) The linear relationship between AG and In Q of the LDH-catalyzed reaction. The red
line means the difference of In Q between 2.5 mM and 20 mM lactate, the blue line means the corresponding difference of AG. (F) Effect of hypoxia (1% O) or CoCl,
(200 puM) on cellular NADPH/NADP™ ratios of IDH1 or ME1 knockout cells under glucose deprivation with lactic acidosis. (G) The effect of lactic acidosis on cellular
NADPH/NADP™ ratios of LDHA or LDHB knockout cancer cells under glucose-deprived condition. The ratios of 4T1 control here are the same with that of Fig. 1C,
because the two experiments were in fact performed simultaneously. Glc (—): glucose-free RPMI-1640 medium; Glc (—) + LA: glucose-free RPMI-1640 medium
supplemented with 20 mM lactic acid, pH 6.7. Glc (—) + SL: glucose-free RPMI-1640 medium supplemented with 20 mM sodium lactate, pH 7.4. Glc (—) + HCL:
glucose-free RPMI-1640 medium supplemented with 20 mM hydrochloric acid, pH 6.7. Glc (—) + LA + hypoxia: glucose-free RPMI-1640 medium supplemented with
20 mM lactic acid under hypoxia (1% O3) condition. Glc (—) + LA + CoCly: glucose-free RPMI-1640 medium supplemented with 20 mM lactic acid and 200 pM
CoCl,. Incubation times were 6 h (4T1), 3 h (HeLa) and 4 h (H460), respectively. Data are shown as means + SD, with n = 3 biological replicates in (A), (C), (D), (F)
and (G), n = 5 biological replicates in (B), and the results were all confirmed by three independent experiments. n. s. not significant, *p < 0.05, **p < 0.01, ***p <
0.001 (Student’s test). See also Supplementary Fig. 6. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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kJ/mol, indicating the reaction is thermodynamically much more
favorable to proceed from lactate to pyruvate at high lactate concen-
tration (20 mM lactate, pH 6.7).

Besides Q values, the rate to remove pyruvate is also crucial for
lactate converting to pyruvate. The major pathway to remove pyruvate
is the TCA cycle and the rate-limiting enzyme pyruvate dehydrogenase
(PDH) determines the rate of pyruvate into the TCA cycle. Because
hypoxia-inducible factor-1 (HIF-1) is reported to inhibit the activity of
PDH by activating PDK1 (Pyruvate Dehydrogenase Kinase 1) [46], we
performed the lactic acidosis experiments under hypoxia or in CoCls--
containg medium. CoCly is reported to artificially induce hypoxia by
blocking the degradation of HIF-1a [47]. As anticipated, hypoxia or
CoCl, inhibited the NADPH/NADP™ recovery in ME1 knockout cells, but
not in IDH1 knockout cells (Fig. 4F).

Lactate use by cancer cells is constrained by thermodynamic but not
kinetic barrier of the reaction catalyzed by LDH, because LDH activity in
cancer cells is often excessively high (e.g., in 4T1 cells, the specific ac-
tivity is about 3 U/mg (Supplementary Fig. 6E)). To test the hypothesis,
we established LDHA or LDHB knockout 4T1 cell line. The knockout was
confirmed by immunoblot and enzyme activity determination (Supple-
mentary Fig. 6D and E). The decreased LDH activity did not affect
lactate-involved generation of NADPH (Fig. 4G). In contrast, use of
glutamine is constrained by kinetic but not thermodynamic barrier,
because reaction from glutamine to glutamate is thermodynamically
favorable (AG’® = —14.3 kJ/mol) [48], and inhibition of glutaminase
suppressed glutamine-derived NADPH generation (Fig. 2C).

3.5. Combination of IDH1 and MEI1 is crucial for solid tumors growth

Tumor microenvironment is different from glucose-deprived condi-
tions in vitro, hence we need to check the effect of IDH1 and/or ME1
knockout on solid tumor growth. Before in vivo studies, we used FACs
method to confirm that the viabilities of the knockout cells were not
affected (Fig. 5A). Doubling time experiment also showed that the
growth rate under regular culture in vitro was not affected by knockout
of IDH1 or (and) ME1 (Supplementary Fig. 2A). Then we used a 4T1
syngeneic xenograft model. In comparison to control, IDH1 or ME1
knockout moderately reduced tumor growth (Fig. 5B), yet there was no
significant difference in the tumor weight on the day sacrificed (Fig. 5C
and D). In contrast, double gene knockout remarkably inhibited tumor
growth (Fig. 5B), and the final tumor weight was obviously lighter than
control group (Fig. 5C and D).

To check whether the retarded tumor growth is associated with
NADPH deficiency, we determined the NADPH/NADP™" ratios of the
tumor samples. The NADPH/NADP™ ratios of gene knockout tumors all
decreased compared to control group, yet only the double gene
knockout tumors showed statistical significance (Fig. 5E). The drop
extent is not as large as in culture cells, which may be caused by dif-
ference in nutrient supply. Thus, we determined the concentration of
glucose, lactate and glx (glutamine + glutamate) in the tumor samples.
The concentrations of these nutrients were not affected by the gene
knockout (Fig. 5F-H). Lactate concentrations were all around 20 mM
(Fig. 5F), which were nearly the same as the concentration used in vitro.
Glx concentrations were mostly between 1 and 2 mM (Fig. 5G), also
close to that in vitro (2.2 mM). Glucose concentrations were mostly
lower than 1 mM (Fig. 5H), but not completely deprived like in vitro
experiments, hence pentose phosphate pathway also contributed to
NADPH generation in solid tumors.

We noticed that, except control group, there was no observable lung
metastatic nodules in the ME1 or/and IDH1 knockout group (Fig. 5I),
suggesting that IDH1 or ME1 knockout could repress tumor metastasis.
It is reasonable because loss of matrix attachment during metastasis
would inhibit glucose uptake and reduce oxPPP flux [49,50], resulting
in a dependence on IDH1 and ME1 for maintaining redox balance.
Therefore, metastasis may depend more on IDH1 and ME1 for main-
taining redox balance. As lung metastasis is one of the main causes of
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death of tumor-bearing mice, we performed additional experiment to
observe the survival (Fig. 5J). The average survival time of IDH1
knockout group was longer than that of control group, but the curves
were not far apart (Fig. 5J). The curve of ME1 knockout group was
separated from control and IDH1 knockout groups (Fig. 5J), suggesting
that ME1 is more important than IDH1 for solid tumors in long-term.
This could be explained by the unstable use of lactate, as lactate must
kept in high concentration (Fig. 4A), and hypoxia, a common feature in
solid tumor would impair the association between lactate and IDH1
(Fig. 4F). The survival time of double gene knockout group was signif-
icantly longer than other groups (Fig. 5J), further underlines the sig-
nificance of combination of IDH1 and ME1 to solid tumors.

4. Discussion

Conclusion: In this study, we reveal that when glucose is deprived
and oxPPP is abrogated, lactate and glutamine are the alternative hy-
dride ion sources to reduce NADP", and that IDH1 and ME1 are the
corresponding enzymes to catalyze the final step to transfer hydride ion
to NADP™. Deletion of both genes significantly reduces NADPH/NADP*
ratios, disrupts redox homeostasis and suppresses solid tumor growth.
The finding is potentially applicable for interpreting how cancer cells in
vivo maintain NADPH/NADP' balance when glucose supply is
insufficient.

TME is highly dynamic both temporally and spatially [1]. In the
regions where vascular supply is sufficient, glucose could be used to
generate NADPH by oxPPP. Unlike glucose, glutamine is not depleted in
TME [4], thus it could provide NADPH by ME1 when glucose is deprived
(Fig. 2). When glucose is deprived and lactate is accumulated to a high
concentration, lactate makes a major contribution to NADPH production
by IDH1 (Fig. 1). Therefore, tumor cells have at least 3 sets of programs
to meet the demand of reducing power for proliferation in the context of
dynamic TME, showing the metabolic plasticity and flexibility of cancer
cells.

Noticeably, the two pathways that IDH1 and ME1 contribute to
NADPH pool are both by virtue of partial reactions in the TCA cycle.
Thus, TCA cycle becomes the central hub of the NADPH production
under glucose-deprived conditions. This biochemical principle conveys
that, apart from glutamine and lactate, nutrients or metabolic in-
termediates that replenish the TCA cycle can all contribute to NADPH
generation, which include fatty acids, acetate, amino acids and etc. For
instance, fatty acid oxidation (FAO) is reported to generate NADPH by
providing Ac-CoA for the TCA cycle in cancer cells during energy stress
[51,52], and the process is regulated by AMPK [52] or Nur77 [53]. The
mitochondrial TCA cycle reactions are crucial to cytosolic redox ho-
meostasis, reflecting the importance of mitochondrial metabolism to
cancer cells.

Cytosolic NADPH production by IDH1 requires replenishment of
citrate in mitochondria. Formation of citrate needs condensation of Ac-
CoA and OAA. Given that glutamine is one of the major sources of OAA,
we speculated that glutamine was necessary to lactate-involved NADPH
generation. We did the lactic acidosis experiments in ME1 knockout cells
under glucose and glutamine double deprived condition. However,
instead of impairing the rescue of NADPH level, deprivation of gluta-
mine did not change or even enhanced the rescue effect (data not
shown). Similar results are reported: Goji et al. found that removing
amino acids prolongs the survival of glioblastoma under glucose
deprivation, and it is caused by blocking cystine uptake [54]. Cystine is
absorbed through the cystine/glutamine antiporter xCT, then it is
quickly reduced to cysteine in cytosol by NADPH [55,56]. Thus, gluta-
mine facilitate the uptake of cystine at the cost of NADPH. Consequently,
glutamine has dual effect on cytosolic NADPH pool, when ME1 is
knockout, the negative effect of glutamine predominates. It could
explain why NADPH/NADP" of H460 ME1 knockout is decreased when
glutamine is replenished (Fig. 2A). Nevertheless, in solid tumors, the
negative effect of glutamine on NADPH pool may be weaker, as cystine
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Fig. 5. Combination of IDH1 and MEL1 are crucial for solid tumor growth. For solid tumor growth experiments, 10° 4T1 control, IDH1 knockout, ME1 knockout, or
IDH1&MEL1 knockout cells (suspended in 100 pl RPMI-1640 without FBS) were inoculated in the right second mammary pad area of each Balb/c mouse. Twenty-four
mice were randomly assigned into 4 groups with each group 6 mice. For survival analysis experiments, the inoculated cell number is 5 x 10%, and 40 mice were
randomly assigned into 4 groups with each group 10 mice. (A) The ratios of non-viable cells of 4T1 control, IDH1 knockout, ME1 knockout and IDH1&ME1 knockout
cells before inoculation to mammary pad of the mice. (B) The growth curves of the primary tumors. (C) The photograph of the tumors on the day sacrificed. (D) The
tumor weights on the day sacrificed. (E) NADPH/NADP" ratios of samples from the primary tumors. (F) Lactate concentrations of samples from the primary tumors.
(G) GIx (glutamine plus glutamate) concentrations of samples from the primary tumors. (H) Glucose concentrations of samples from the primary tumors. (I) The
numbers of lung metastasis quantified by counting macroscopic metastatic nodules on the day sacrificed. (J) The survival curves of the tumor-bearing mice.

Data are shown as means + SD, with n = 3 biological replicates in (A). Error bars represent the SEM of results from 6 mice for (B)-(H) or 10 mice for (J). n. s. not
s‘igniﬁcant. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s test). ###p < 0.001 vs control (Log-rank test).

level in TME is relatively low [4].

That IDH1-mediated NADPH generation is more favorable under
lactic acidosis than under lactosis (Fig. 4C) may provide a rationale for
cancer treatment. We previously developed a protocol named TILA-
TACE  (targeting-intratumoral-lactic-acidosis-transarterial ~ chemo-
embolization) [57]. In this protocol, bicarbonate was infused alterna-
tively with anticancer drugs via tumor feeding artery into hepatocellular
carcinoma, where bicarbonate is to neutralize lactic acidosis to lactosis.
Bicarbonate markedly enhances the therapeutic efficacy of transarterial
chemoembolization (TACE) in local control of hepatocellular carcinoma
[57]. After glucose supply is blocked by embolizing tumor feeding ar-
teries, cancer cells would depend on IDH1- and ME1-mediated NADPH
production. Inhibition of IDH1-mediated NADPH by bicarbonate via
converting lactic acidosis to lactosis may contribute a part to the ther-
apeutic efficacy of TILA-TACE.

IDH1 and ME1 double knockouts under glucose deprivation almost
completely abolish NADPH production (Fig. 1C), suggesting that IDH1-
and ME1-mediated NADPH generations are more important than other
NADPH generation pathways (e.g., folate-dependent NADPH genera-
tion) in cancer cells when glucose is deprived. This is consistent with the
previous report that oxPPP, IDH1 and ME1 are the major sources of
cytosolic NADPH [58]. Folate-dependent NADPH generation requires
oxidation of tetrahydrofolate (THF), which derives from the reduction of
folate with 2 molecules of NADPH [59]. G6PD knockout abrogates the
supplement of NADPH that is needed to reduce folate to THF, result in a
lack of THF [58]. In line with this, glucose starvation should have similar
effect like G6PD knockout, hence folate-dependent NADPH formation is
suppressed when glucose is absent. Kinds of mitochondrial
NADPH-producing enzymes exist [60], however, mitochondrial NADPH
cannot directly shuttle to cytosol [61]. Some researchers reported that
mitochondrial NADPH can be shuttled indirectly to cytosol by coupling
with IDH1 or ME1-catalyzed reaction [18,62]. Therefore, knockouts of
IDH1 and MEI1 abolish the indirect shuttles. Taken together, knockouts
of IDH1 and MEI1 are sufficient to block most cytosolic NADPH gener-
ations under glucose deprivation.

In solid tumors, the glucose supply is more complex, as it depends on
the blood glucose supply. It is known that glucose concentration is
inversely correlated to the distance to blood vessels, hence glucose
concentrations vary markedly in different regions in a tumor [63]. It is
also known that glucose could be intermittently, temporarily, and
persistently deprived in tumors [64]. In our xenograft model, the
average glucose concentrations in tumors were mostly lower than 1 mM,
and the glucose concentrations between 4 groups (control, IDH1
knockout, ME1 knockout, and IDH1+ME1 knockout) were not signifi-
cantly different from each, but only IDH1+ME1 knockout showed a
markedly reduced NADPH/NADP™", accompanied with retarded growth
of tumor (Fig. 5). Based on the above lines of evidence, in solid tumors
where glucose is not completely deprived but deficient, the contribution
of IDH1 and ME1 to NADPH is significant, and knockout of them would
impair the growth and metastasis of the solid tumors, which is close to
the experiment results performed under glucose deprivation in vitro. On
the other hand, it is reported that G6PD is not essential for K-Ras-driven
tumors growth or metastasis [65], suggesting a less dependence on
oxPPP of solid tumors in the context of glucose-deficient TME.
Furthermore, the expression of IDH1 in prostate tumors and the
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expression of ME1 in gastric/colon/rectal/cancers were reported to be
higher than adjacent non-tumor tissues [17,66]. Consequently, tumors
possibly depend on IDH1 and ME1 more than adjacent non-tumor tis-
sues, resulting in a therapeutic liability that can be exploited by tar-
geting both IDH1 and ME1l. However, there is a paucity of specific
inhibitors of the two enzymes to date. GSK-864, which is designed to
inhibit R132H point-mutant IDH1 (ICsp: 15.2 nM), is reported to also
inhibit wild-type IDH1 at higher doses (ICs5p: 466.5 nM) [67]. Zhang
et al. designed a apiperazine-1-pyrrolidine-2,5-dione scaffold-based
malic enzyme inhibitor [68], and it suppressed growth of human CRC
cells in vitro [69]. However, the inhibitor did not distinguish cytosolic or
mitochondrial malic enzyme, and the further utilization of them is
lacking. Lanthanide (e.g. Lu®>"), which competitively binding to ME with
Mn?* [70], is also reported to show inhibitory effect [71]. However, as
Mn?" is involved in a variety of biochemical reactions, the off-target
effects of lanthanide should be carefully considered. Another optional
strategy is targeting the post-translational regulations of ME1, as acet-
ylation of ME1 enhances its activity while phosphorylation of ME1 has
opposite effect [72]. Overall, the studies of inhibitors of wild-type IDH1
and ME1 with high specificity remain inadequate, and relevant clinical
trials remain a blank [60]. More drug development effort should be
made to exploit the therapeutic benefits.
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